Dual phase (DP) steels with different volume fractions of martensite and epitaxial ferrite were produced in different intercritical annealing temperatures and cooling rates. Corrosion behaviors of four different DP steels were investigated in 3.5 % NaCl solution by using potentiodynamic polarization and immersion tests. The results showed that both amounts of martensite and epitaxial ferrite have an influence on the corrosion behavior of DP steels. It was observed that corrosion resistance increased considerably with the presence of epitaxial ferrite as compared to dual phase steel containing non-epitaxial ferrite. On the other hand, the corrosion resistance of DP steels decreased with an increase in the martensite volume fraction (MVF).
Introduction
Low carbon Dual Phase (DP) steels developed in the 1970s have aroused considerable attention in the last three decades. Compared to the High Strength Low Alloy (HSLA) steels, they display improved strength, ductility and formability characteristics [1] [2] [3] [4] [5] [6] [7] . These properties make them attractive for weight-saving applications in automotive industry. By using dual phase steel sheets, vehicle weight can be reduced, and significant savings in fuel consumption can be obtained. One another application area might be the construction sector where reinforcing steels in concrete would be desirable to have both superior mechanical properties and corrosion resistance. DP steel is delineated by the composite microstructure comprising 20-25 % hard martensite particles in a soft ferritic matrix. They are mainly produced by heating the low carbon steel between A C1 and A C3 temperatures in the austenite plus ferrite phase field followed by rapid cooling in order to transform the austenite to martensite. The strength of DP steels increases with increasing the volume fraction of martensite phase [8, 9] .
It is possible to control the range of transforma-*Corresponding author: tel.: +90 312 5823452; fax: +90 312 2319810; e-mail address: esalamci@gazi.edu.tr tion products which can be formed from the austenite subsequent intercritical annealing by varying intercritical annealing temperature and cooling rate. The austenite entirely transforms to martensite resulting in the duplex structure of ferrite and martensite at the higher cooling rates. During the slow cooling rates, the austenite firstly transforms to new ferrite which grows epitaxially on the retained or intercritical ferrite without a nucleation step. Then, depending on the alloy content and cooling rate, the remaining austenite transforms to martensite, bainite, and/or pearlite with continued cooling [10] . Transformed ferrite from the austenite during the slow cooling is also called epitaxial ferrite. It has been shown that there is no structural interface between the two types of ferrite, and the epitaxial ferrite differs from the retained ferrite in terms of composition [11, 12] . Previous investigations have shown that ductility of dual phase steels increases with a small decrease in the strength, as the epitaxial ferrite content increases [13] [14] [15] . Ferritic-martensitic steels which possess excellent mechanical properties can respond to higher corrosion resistance requirements which cannot be obtained in ferritic-pearlitic steels [16] . In addition to their incomparable combination of mechanical properties, the cor- rosion resistance of DP steels is critically important for structural and constructional purposes. It is inevitable that the reinforcing steels in concrete suffer from corrosion over time. For this reason, the investigation of the steels with higher corrosion resistance has been attracting the attention of researchers. Although extensive researches concerning microstructure and mechanical properties exist in the literature, the investigations on corrosion behavior of DP steels are quite a few. Trejo et al. [17] have studied corrosion susceptibility of a DP steel in concrete and observed that the DP steel bar has better atmospheric corrosion resistance than a standard billet bar consisting of ferrite and pearlite phases. Zhang et al. [18] also observed better corrosion resistance in the DP weathering steel. Sarkar et al. [19] have investigated electrochemical corrosion behavior of micro-alloyed DP steel in 3.5 % NaCl solution and determined that an increase in martensite content and refinement of martensite morphology decreases corrosion resistance. Osorio et al. [20] have also studied electrochemical corrosion behavior of low carbon steel in three different heat treated and as-received conditions by carrying out electrochemical impedance spectroscopy (EIS) and polarization test. They found that normalized and annealed steels have the highest and lowest corrosion resistances respectively and the DP steel has slightly smaller corrosion resistance than annealed and as-received steels. Bhagavathi et al. [21] have recently reported that DP steels are more resistant to corrosion than the ferrite-pearlite steel.
The main purpose of this study is to explore the effect of the epitaxial ferrite on the corrosion behavior of DP steel which has not been thoroughly assessed in the literature yet. In this work, corrosion behaviors of DP steel microstructures which are produced at two different intercritical annealing temperatures followed by rapid and slow cooling rates are investigated.
Experimental procedure
The chemical composition of the steel used in the experiments is given in Table 1 . The material was produced in an induction furnace and poured into silica sand mold as a block of 26 × 300 × 300 mm 3 in size. The block was then cut into smaller pieces of 26 × 26 × 300 mm 3 . These pieces were hot rolled in which the thickness of each was reduced to 4 mm.
The critical annealing temperatures, A C1 and A C3 , were identified as 711 and 862
• C by using Andrew's empirical formulas [22] . The samples of 10 × 10 mm 2 size were heat treated. Each specimen, namely WQ715, FC725, WQ725, and FC752, was coded according to the applied heat treatment procedures. The left-hand letters represent the cooling media, and the right-hand numbers represent the intercritical annealing temperatures.
The heat treated samples were ground, polished and etched in 2 % nital solution of 2 % nitric acid in 98 % ethanol for microstructural characterization by using a light microscope. After etching with 2 % nital, the samples were further etched in a solution of 10 % sodium metabisulfite in 90 % pure water in order to reveal the martensite structure. The boiling alkaline chromate etching method developed by Lawson et al. was used to differentiate the epitaxial ferrite from the retained ferrite [23] . This method is a two-step procedure consisting of a first etch in a solution of 4 % picral for 40-60 s, followed by a second etch in a boiling alkaline chromate solution for 4-10 min. The volume fraction of martensite and epitaxial ferrite were determined by using a point counting on etched metallographic sections. Almost 1000 points were counted by using Swift mark point counter.
The immersion tests were carried out by suspending the square shaped samples (10 × 10 mm 2 and 1.5 mm thick) in a still solution of 3.5 wt.% NaCl in deionized water exposed to atmospheric air. The results of the corrosion tests were evaluated by mass loss measurements, performed following the ASTM G31 recommended practice. The surfaces of the specimens were abraded on 1200 mesh emery paper, polished with 1 µm diamond paste, washed and ultrasonically rinsed in distilled water prior to the immersion tests. Exposure time for the tests was 1, 3, 7, 14, and 28 days. The surfaces of the specimens were gently brushed before ultrasonically cleaning in distilled water at the end of each exposure time. After cleaning, they were dried and weighed. Mass loss of the samples was then normalized in the unit of mg cm −2 , by considering the total surface area of the samples. For the potentiodynamic polarization measurements, machined samples of 15 mm in length and 10 mm in diameter were connected to the copper wire and embedded in an epoxy resin holder. The potentiodynamic curves were performed by means of a Gamry model PC4/300 mA potentiostat/galvanostat controlled by a computer with DC105 corrosion analysis software. The specimens were prepared in the same way as that for the mass loss evaluation. Embedded specimens in epoxy resin were utilized as working electrodes. A carbon rod (6 mm in diameter) and a saturated calomel electrode (SCE) were used as a counter electrode and a reference electrode, respectively. Experiments were performed at room temperature in a glass cell containing 3.5 % NaCl solution, pH ∼ = 7. For electrochemical measurements, the specimen was immersed in the solution for 60 min. prior to polarization, by which the time for a stable potential (open circuit potential "OCP") was monitored. With reference to saturated calomel electrode (SCE), potentiodynamic polarization curves were generated by sweeping the potential from cathodic to the anodic direction at a scan rate of 1 mV s −1 , starting from ∼ 0.40 up to 0.80 V. Each data point for both immersion and potentiodynamic polarization tests represents at least average of three different measurements. Corrosion potentials (E corr ) and the corrosion current densities (I corr ) were calculated by using instantaneous Tafel-type fit Gamry-DC105 Corrosion analysis software.
Results and discussion

Micro structure
Austenite at intercritical annealing temperatures transforms to martensite and epitaxial ferrite depending on cooling rate. Optical micrographs of the WQ715, FC725, WQ725, and FC752 etched with nital 2 % are displayed in Figs. 1a-d, respectively. In these micrographs, martensite appears as dark color in a light ferrite matrix. It can be seen that martensite particles distribute along the ferrite grain boundaries. In the specimens WQ715 and WQ725, most of the austenite transformed to martensite by rapid quenching from 715 and 725 In the present study, the critical cooling rate for martensite formation is quite low when compared to previous studies [23] [24] [25] [26] [27] . Figures 1b,d show that a significant amount of austenite transformed to martensite even at the lower cooling rates (furnace cooling). The reason for this may be due to high Mn and Ni contents. The concentrations of austenite stabilizing elements (1.65 % Mn and 0.69 % Ni) are higher in the steel used in the present work than those used in previous studies. It is well known that Mn and Ni alloying elements decrease the critical cooling rate and increase the hardenability of steel. The difference in the etching response is attributed to the different content of alloying elements of the retained and the epitaxial ferrite. Korzekwa et al. [12] indicated that manganese and silicon might partition between the austenite and ferrite during intercritical annealing and thus epitaxial ferrite may inherit a higher manganese and lower silicon content when it forms from austenite cooling. These speculations were experimentally confirmed by Santofimia et al. recently [11] . They investigated the distribution of alloying elements in the present phases after intercritical annealing followed by cooling by using electron probe microanalysis in the low carbon steel. They reported that the manganese concentration is 1.6 wt.% in retained ferrite, 2.2 wt.% in epitaxial ferrite, and 2.6 wt.% in M/A (martensite/austenite). The concentration profile of silicon is 0.44 wt.% in retained ferrite, 0.38 wt.% in epitaxial ferrite, 0.44 wt.% in retained ferrite and 0.28 wt.% in M/A. The carbon concentration is close to zero in both ferrite and 1.2 wt.% in M/A.
The results of the quantitative metallographic measurements are summarized in Table 2 . In addition to composition, intercritical annealing temperature (ICAT) and cooling rate affect hardenability of DP steels. The martensite (austenite) volume fraction (MVF) increases with increasing the ICAT, as shown in Table 2 . This can be explained by lever rule. MVF of WQ715 is found to be 25 %, whereas MVF of WQ725 is higher (35 %).
The cooling rate is another factor for increasing MVF at a constant ICAT. High cooling rate (water quenching) causes an increase in MVF at a constant ICAT. MVF of FC725 (slow cooling) is found to be 25 %, whereas MVF of WQ725 (rapid cooling) is higher (35 %) at 725
As can be seen from Table 2 , the specimens FC752 and WQ725 have almost constant amount of martensite; even the specimen FC725 was produced by slow cooling. This is probably due to high hardenability of the present steel and ICAT. The specimen FC752 contains 37 % and 15 % MVF and epitaxial ferrite, respectively. The specimen WQ725 contains almost the same amount of martensite (35 %) and is free of epitaxial ferrite. Although both specimens have the almost constant amount of martensite, no epitaxial ferrite formation is observed in WQ725. The slow cooling rate for FC752 allows the epitaxial ferrite to grow on the existing ferrite and there is no grain boundary between the epitaxial and retained ferrite. Similarly, while WQ715 and FC725 contain the same amount of martensite (25 %), WQ715 does not contain epitaxial ferrite, FC725 contains 10 % epitaxial ferrite. As shown in Table 2 , the amount of epitaxial ferrite increases from 10 % for FC725 to 15 % for FC752. At the same MVF, more epitaxial ferrite was present at higher ICAT compared to lower one. This increase in volume fraction of epitaxial ferrite is due to increase in ICAT or decrease in cooling rate. In DP heat treatment, ICAT controls the carbon concentration of austenite. Austenite (martensite) carbon content decreases with the increase of ICAT as predicted by the lever rule. The lower carbon concentration of austenite at higher ICAT results in lower hardenability. Thus more epitaxial ferrite forms instead of martensite.
Corrosion behavior
The mass loss of the samples increased with increasing exposure time as shown in Fig. 3 . It is worth noting that mass loss of all the specimens remained almost similar for the early stages (i.e., up to 3 days) after which the mass loss was deviated as the immersion time prolonged. For example, the mass loss is approximately 30 % less for FC752 in 28-days exposure time as compared to WQ725.
From immersion test results (mass loss), the corrosion rate is estimated by using the following formula [28] :
where CR is the corrosion rate in mm year −1 , K is a constant having value of 8.76 × 10 4 , W is a mass loss in g, A is an area of exposure (1 cm 2 ), T is a time of exposure in h and D is density in g cm −3 . The potentiodynamic polarization behaviors of the investigated specimens in 3.5 wt.% NaCl solution are given in Fig. 4 . Corrosion potential, E corr , and corrosion current density, I corr values were obtained from potentiodynamic polarization curves, and the CR (based on I corr ) is calculated by using the following formula [28] :
where CR is the corrosion rate in mm year −1 . The equivalent weight, EW, is approximated from the atomic weight of iron (55.845 g mol −1 ), and D is the density of steel (7.88 g cm −3 ). The calculated corrosion rates (CR) based on both the potentiodynamic polarization curves and the mass loss are summarized in Table 3 . The trend of the CR values obtained from the mass loss measurements after the immersion tests relatively agrees with the CR values obtained by the polarization method in Table 3 .
E corr values of WQ715, FC725, WQ725, and FC752 samples are -73.20, -18.90, -167.9, and +37.15 mV, respectively (Table 3) . It was noted that the E corr values of epitaxial ferrite containing samples (i.e., FC725 and FC752) had shifted to a more positive region (Fig. 4) [19, 21] indicating much better corrosion resistance. Sarkar et al. [19] reported that the I corr value of DP steel having 33 % MVF was 32.29 µA cm −2 and it was 17.40 µA cm
for DP steel with 24 % MVF in the work of Bhagavathi et al. [21] .
The corrosion of DP steels may be governed by four relative mechanisms: chemical composition, the volume fraction of martensite phase (i.e. MVF), the presence of epitaxial ferrite, and the presence of stresses.
It is known [28] that the presence of Si, Ni, and lower amount of S have a beneficial effect on the corrosion resistance of carbon steels. It is important to point out that the steel used in this work contained Ni and Si as well as lower S which may result in improved corrosion resistance of the samples.
Martensite volume fractions, MVF, of WQ715 and WQ725 samples are 25 and 35 %, respectively. The higher CR for WQ725 sample is attributed to MVF. Based on galvanic corrosion principles, the total surface area of the cathode (martensite) in relation to the surface area of the anode (ferrite) governs the galvanic corrosion. Therefore, any relative change in the amount of the microstructural constituents would lead to alteration in the ratio of anode to cathode areas. In literature [17, 19, 20] , the corrosion rate of DP steels increased with increasing MVF which was reported to be due to the adverse area ratio of martensite phase to ferrite phase in accordance with the present work.
However, the MVF of FC752 is the highest (i.e., 37 %), its CR is much lower as compared to WQ725 (i.e. 35 % MVF). This was attributed to the presence of epitaxial ferrite present in FC752 sample. Although the presence of epitaxial ferrite in DP steels and its effect on mechanical properties have been studied by many researchers in the literature [13] [14] [15] , its influence on corrosion behavior has not been reported yet. As discussed earlier in microstructure section, compositional differences between retained ferrite and epitaxial ferrite are evident. The Mn concentration increases sequentially from retained ferrite, epitaxially ferrite to martensite while the content of Si decreases in the same manner, reported by Korzekwa et al. [12] and recently confirmed by Santofimia et al. [11] . Thus, the galvanic couple formed between retained ferrite and epitaxial ferrite is expected to be weaker than the galvanic couple formed between retained ferrite and martensite. Different contents of alloying elements (i.e., Mn, Si, C) between retained ferrite and martensite may result in increased potentials thus propagating micro galvanic corrosion. As shown in Figs. 2a,b , epitaxial ferrite surrounds the martensite phase in the form of rings. It is expected that the potential difference between the phases should be lowered as the concentrations of the phases are similar. From this point of view, lower potential differences should be presented between epitaxial ferrite and martensite as well as between epitaxial and retained ferrite. Therefore, the presence of the epitaxial ferrite may hinder the corrosion by smoothing the compositional fluctuations between the retained ferrite and the martensite. On the other hand, lower CR for WQ715 sample which has no epitaxial ferrite could be explained by having lower MVF. Bhagavathi et al. [21] reported that the I corr values were similar for all the DP steels having 21, 24, and 28 % MVF concluding that the MVF up to 28 % had little effect on the corrosion rate of DP steels.
In addition, stresses developed during rapid cooling may be another reason for the increased corrosion rate. Our previous TEM study [13] showed that the dislocation density of the specimen WQ725 was higher than that of the specimen FC752. This means that higher dislocation density causes higher stress levels in the WQ725 specimens. By considering the stressinduced corrosion, it can be speculated that stresses due to higher dislocation density may trigger corrosion in the specimen WQ725.
Conclusions
1. The martensite volume fraction increases with an increase in intercritical annealing temperature.
2. The slow cooling rate for FC752 allows the epitaxial ferrite to grow on the existing ferrite attributed to increasing in intercritical annealing temperature or decreasing in cooling rate.
3. Mass loss of all the investigated specimens remained almost similar for the early stages (i.e., up to 3 days) after which the mass loss was deviated as the immersion time prolonged. The mass loss is approximately 30 % less for FC752 at 28-day exposure time as compared to WQ725.
4. The I corr values deviated in the range between 2.11 and 3.11 µA cm −2 for WQ715, FC725, and FC752 samples while I corr value of WQ725 was around 14.5 µA cm −2 . 5. Corrosion rate increased with increasing martensite volume fraction. However, this phenomenon was inhibited in the epitaxial ferrite containing samples, attributed to the presence of epitaxial ferrite hindering corrosion by smoothing the compositional fluctuations between retained ferrite and martensite as well as reduced dislocation density.
